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1. Introduction 
In [ 11, NADH dehydrogenase (EC 1.6.99.3) was 
highly purified from Bacillus caldotenax, and the 
effects of membrane lipids on the enzyme examined. 
The purified enzyme exhibited a linear Arrhenius plot 
and enzyme in membranes or with membrane lipids 
exhibited a discontinuous Arrhenius plot [ 11. The 
Arrhenius discontinuities of the enzyme in membranes 
were suggested to be triggered by a change in some 
physical state of membrane lipids. The effects of var- 
ious phospholipid species on the Arrhenius plot of 
the enzyme were studied here with special reference 
to the correlation of the Arrhenius discontinuities to 
the fluidity change with temperature of the lipids. 
2. Materials and methods 
NADH dehydrogenase was purified from B. 
caldotenax YTG to a 80% purity, according to [ 11. 
Membranes were prepared from the freshly cultured 
cells according to [2], and lipids were extracted accord- 
ing to [3]. Phospholipids were separated from neutral 
lipids by acetone precipitation [4]. Phosphatidyleth- 
anolamine (PE), cardiolipin (CL) and phosphatidyl 
glycerol (PC) were separated from the phospholipids 
according to [S ,6]. Each isolated phospholipid was 
checked for purity by thin-layer chromatography 
according to [2]. 
The enzyme was reconstituted with membrane 
lipids or phospholipids essentially according to [7], as 
described below. The purified enzyme (0.1-0.2 mg) 
was precipitated by 60% (NH4)2S04, dissolved in 10 
mM Tris-HCl buffer (pH 7.2) containing 20% glycerol, 
2% sodium cholate and 3 mg membrane lipids/ml or 
1 ymol phospholipid/ml, and dialyzed against 10 mM 
ElsevierlNorth-Holland Biomedical Press 
Tris-HCl buffer (pH 7.2) containing 20% glycerol at 
4°C overnight. 
Assay of NADH dehydrogenase was carried out in 
20 mM Tris-HCl buffer (pH 7 S) by measuring 
NADH-2,6dichlorophenol indophenol (DCIP) reduc- 
tase activity [8] according to [ 11. The enzyme reaction 
proceeded linearly with time for at least 2-3 min 
under all the assay conditions used here. The relation 
of s/V to s for NADH was plotted at various fixed 
concentrations of DCIP, and the velocities (v) with 
various concentrations of DCIP at infinitive concen- 
trations of NADH were estimated. From the relation 
of s/V to s for DCIP, the maximum velocity (Vmax) 
with DCIP was determined. 
Fluorescence polarization measurements were car- 
ried out with an instrument constructed in Mitsubishi- 
Kasei Institute of Life Science [9]. Membrane lipids 
or phospholipids were dissolved in 20 mM Tris-HCl 
buffer (pH 7 S) containing 2% sodium cholate and 
dialyzed against 20 mM Tris-HCl buffer (pH 7.5) at 
4°C overnight. To 3 ml lipid suspension thus prepared 
(0.4 mg lipid/ml) or the membrane suspension in 20 
mM Tris-HCl buffer (pH 7 S) (0.24 mg protein/ml) 
was added 10 ~1 of 1,6diphenyl-1,3,5 -hexatriene 
(DHP) (final cont. 1 PM) in tetrahydrofuran. The 
fluorescence anisotropy (r) was calculated according 
to [9]. 
Calorimetric data were obtained using a Perkin 
Elmer DSC2 differential scanning calorimeter. Heating 
rate was of S”C/min and sensitivities of 0.2 meal/s. 
The sample volume was 50 ~1. Samples in 20 mM 
phosphate buffer (pH 7.5) were prepared according 
to [lo]. 
Protein was determined according to [ 1 l] and 
membrane protein according to [ 121. Lipids were 
determined by the Pi method in [ 131. 
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Dipahnitoyl phosphatidylcholine (DPPC) was pur- 
chased from Sigma, dipalmitoyl phosphatidylglycerol 
(DPPG) from Funakosi Co. and DPH from Tokyo 
Kasei Co. 
3. Results and discussion 
As reported in [ 11, NADH dehydrogenase purified 
from B. caldotemx exhibited a linear Arrhenius plot, 
while Arrhenius plot for the enzyme in membranes 
exhibited two discontinuities at -50°C and -22°C 
(see also fig.1). When the enzyme was mixed with 
membrane lipids prepared from the cells grown at 
65°C (65”Clipids), the Arrhenius plot for this lipid- 
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Fig.1. The Arrhenius plots for NADH dehydrogenase. (a) in 
membranes from the cells growth at 65°C (e), with 65”C- 
lipids (o) and in a purified state (a); (b) with PG (0) and CL 
(o) from 65”CUpids; (c) with DPPG (0) and DPPC (0). Vmax 
is expressed as units/mg protein. 
bound enzyme was reported to exhibit a single dis- 
continuity at -50°C [l]. Reexamination of the 
Arrhenius plot for the lipid-bound enzyme revealed 
two discontinuitiesat -48°C and -22°C (fig.1). These 
results suggest hat the Arrhenius discontinuities of 
the membrane- or lipid-bound enzyme are related to 
changes in some physical state of membrane lipids. 
Ca*‘-ATPase of sarcoplasmic reticulum was reported 
to exhibit a triphasic Arrhenius plot, but the Arrhenius 
plot of microviscosity for sarcoplasmic reticulum was 
linear [ 141. The change with temperature of the fluo- 
rescence anisotropy (r) of DPH in membranes or 
membrane lipids of B. caldotenax, however, showed 
two distinct inflexion points at -50°C and -23°C or 
-52°C and -32”C, respectively, which were approxi- 
mately coincident with the Arrhenius discontinuities 
of the corresponding enzyme activities (fig.1 ,?I). 
Membrane lipids undergo a thermotropic, disorder 
0.2 
0.1 
L 
0.2 
0.1 
Temperature (“C) 
60 40 20 
I I I 
(a) 
# 
00 
l o 
l O 
00 
00 
0 
A0 
I I I 
3.0 3.2 3.4 
l/T x lo3 (K-l) 
Fig.2. Thefluorescenceanisotropy (r) vs temperature (7) plots: 
(a) membranes from the cells grown at 65°C (0) and 65”C- 
lipids (0); (b) PE (u), PG (0) and CL (0) from 65°C~lipids. 
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(fluid)-order (solid) transition. At temperatures above 
Tf, the upper limit of the transition, or at tempera- 
tures below T,, the lower limit of the transition, mem- 
brane lipids are considered to be in a fluid or solid 
state, respectively [ 151. The thermogram of mem- 
branes or membrane lipids of B. caldotenux showed a 
phase transition of the upper (Tf) and lower (T,) 
boundaries at -53°C and -25°C or at -52°C and 
-23’C, respectively. The discontinuities in the r vs T 
plot for membranes or membrane lipids, therefore, 
are considered to be the transition from a phase-sepa- 
ration state to a fluid state and from a solid state to 
the phase-separation state, respectively. The Arrhenius 
discontinuities of NADH dehydrogenase in membranes 
or with membrane lipids of B. caZdofena_x may be 
related to the phase transition of membrane lipids. 
The values of T, of membranes or membrane lipids 
of B. stearothermophilus [ 161 and Thermus thermo- 
philus [9] were almost the same as those of the 
growth temperatures of the bacteria, respectively. Tf 
of membranes or membrane lipids of B. caldotenax 
(-50--52”C), however, was lower than the growth 
temperature (65°C). Tf of membrane lipids from the 
cells grown at 45°C (45”Clipids) estimated by DSC 
and r analyses was -40°C. This value was lower than 
that of 65”Clipids, as suggested from the change in 
chemical composition of membrane lipids on changing 
the growth temperature from 65 to 45°C [2]. The Tf 
value of 45”Clipids (-4O”C), although slightly lower 
than the growth temperature (45”C), was almost coin- 
cided with the upper discontinuity at -42°C in the 
Arrhenius plot for the enzyme with 45”C-lipids. These 
results may indicate that the membranes or membrane 
lipids of B. caldotenax at the growth temperature 
(45-65”(J) is in a fluid state. The membranes or mem- 
brane lipids of Acholeplasma laidlawii [ 171 and 
Escherichia coli [ 181 have been reported to be in,a 
fluid state at the growth temperature. 
Molar ratio of PE, PC and CL in B. caldotenax 
grownat 65°C was 58%, 27% and 14%, when expressed 
as the percent of total phospholipids [2]. The enzyme 
was stimulated by PG or CL (fig.l), but not by PE, a 
major phosphohpid component. The stimulation of 
the enzyme activity by membrane lipids [l] may be 
due to PG and CL. When the enzyme treated with PG 
(CL) was centrifuged at 250 000 X g for 5 h, 40% or 
60% of the total activity was observed with the super- 
natant or precipitate, respectively. When the enzyme 
treated with PE was centrifuged, ah the activity was 
observed with the supernatant, although precipitate 
was formed. The results shown above suggest hat the 
enzyme did not bind to PE. 
The Arrhenius plot for the enzyme withPG (or CL) 
exhibited two discontinuities at -42°C and -2 l”C, 
which were coincident with the discontinuities in the 
r vs T plot for PG (CL) at -44°C and -22”C, respec- 
tively (fig.l,2). DPPC or DPPG exhibits a phase tran- 
sition from a solid to fluid state at 42°C [19] or 41°C 
[ 201, respectively. The Arrhenius plot for the enzyme 
with DPPC or DPPG exhibited a single discontinuity 
-40°C (fig.2). These results also support that NADH 
dehydrogenase of B. caldotenax is strongly affected 
by the lipid fluidity change. 
The Arrhenius activation energies (E,) of the 
enzyme with phospholipids, which are in a fluid state, 
were very small, and almost the same for the enzyme 
samples with the phospholipids examined here (fig.1). 
In membranes or membrane lipids, the enzyme 
appeared to be thermophobic. The E, increased 
greatly or slightly as phospholipids changed from a 
fluid state to a phase-separation state or from the 
phase-separation state to a solid state, respectively 
(fig.l), as reported with other organisms [21-231. An 
increase in the molecular order of membrane lipids 
causes changes in the conformation of NADH dehy- 
drogenase consistent with an increase in E,. 
References 
[l] Kawada, N. and Nosoh, Y. (1981) J. Biochem. in press. 
[2] Hasegawa, Y .,.Kawada, N. and Nosoh, Y _ (1980) Arch. 
Microbial. 126, 103-108. 
[3] Bhgh, E. G. and Dyer, W. J. (1959) J. Biochem. Physiol. 
37,911-917. 
[4] Dancey, G. F. and Shapiro, B. M. (1977) Biochim. Bio- 
phys. Acta 487,368-377. 
[ 51 Rouser, D., Kritchevsky, G., Yamamoto, A., Simon, G., 
Galli,C. and Bauman, A. J. (1968) Methods Enzymol. 
161 
f71 
[81 
191 
1101 
1111 
14,272-317. 
Blank, M. L., Shmit, J. W. and Privett, D. S. (1964) J. 
Am. Oil Chem. Sot. 41,371-376. 
Warren, G. B., Toon, P. A., Birdsall, N. J. M., Lee, A. G. 
and Metcalfe, J. C. (1974) Proc. Natl. Acad. Sci. USA 
71,622-626. 
Armstrong, .I. M. (1964) Biochim. Biophys. Acta 86, 
194-197. 
Wakayama, N. and Oshima, T. (1978) J. Biochem. 83, 
1687-1692. 
McElhaney, R. N., De Gier, J. and Van der Neut-Kok, 
E. C. M. (1973) Biochim. Biophys. Acta 298,500-512. 
Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol.Chem. 193,265-275. 
17 
Volume 124, number 1 FEBS LETTERS February 1981 
[ 121 Gornall, A. G., Bardawill, C. J. and David, M. M. (1949) 
J. Biol.Chem. 177,751-766. 
[13] Bartlett, G. R. (1959) J. Biol. Chem. 234.466-468. 
[ 141 Madden, T. D. and Quinn, P. J. (1979) FEBS Lett, 107, 
110-112. 
[15] Shimshick,E. J. and McConnell,M. M. (1973) Biochem- 
istry 12,2351-2360. 
[ 161 McElhaney, R. N. and Souza, K. A. (1976) Biochim. 
Biophys. Acta 443, 348-359. 
[17] McElhaney,R. N. (1974) J. Mol. Biol. 84,145-157. 
[ 181 Jackson, M. B. and Caronan, J. E. jr (1978) Biochim. 
Biophys. Acta 512,472-479. 
[19] Hinz,H. J.and Sturtevant, J.M. (1972) J. BroLChem. 
247,6071-6075. 
[20] Jacobson,K. and PapahaJopoulos, D. (1975) Biochem- 
istry 14, 152-162. 
[21] Raison, J. K. and McMurchie, E. J. (1974) Biochim. 
Biophys. Acta 363. 135-140. 
(221 Watson, K., Houghton, R. L., Bertoli, E. and Griffiths, 
D. E. (1975) Biochem. J. 146,409-416. 
[23] Esfahni, M., Limbrick, A. R., Knutton, S., Oka, T. and 
Wakil, S. J. (1971) Proc. Natl. Acad. Sci. USA 68, 
3180-3184. 
18 
